We sought to determine the efficacy of using a continuous time course trial to assess the temporal profile of post-activation potentiation and to determine the time course of potentiation of discrete jump squat kinetic and kinematic variables. Eight physically trained men performed jump squats before and 4, 8, and 12 min after a 5-repetition maximum back squat. Time intervals were assessed in 3 discontinuous trials (each time interval assessed in a separate trial) and in 1 continuous trial (all time intervals assessed in a single trial). Percentage differences between continuous and discontinuous trials at each time interval were mostly insubstantial. Discrete variables displayed a diverse time course (effect size: trivial to large); time to maximal values ranged between 5.00 ± 2.53 min (concentric peak force) and 9.50 ± 2.98 min (eccentric mean force). Eccentric variables (8.58 ± 3.56 min) took longer to peak than concentric variables (6.64 ± 2.93 min) (effect size: small). Individual subjects attained maximal values for kinetic and kinematic variables at different time intervals, yet the 4-min interval typically displayed the greatest magnitude and frequency of potentiation. We conclude that a continuous time course trial does not substantially influence performance of subsequent jumps and is appropriate for determining the temporal profile of potentiation, which is influenced by discrete jump squat kinetic and kinematic variables and individual differences. . Les différences en pourcentage de chaque intervalle de temps entre les essais en mode continu et en mode discontinu sont en majorité négligeables. Les variables discrètes présentent une chronologie diversifiée (AE : d'anodin à important); le temps pour atteindre la valeur maximale varie de 5,00 ± 2,53 min (force de pointe miométrique) à 9,50 ± 2,98 min (force moyenne pliométrique). Les variables pliométriques prennent plus de temps (8,58 ± 3,56 min) pour atteindre la crête que les variables miométriques (6,64 ± 2,93 min) (AE : faible). Les valeurs des variables cinétiques et cinématiques des sujets pris individuellement atteignent le maximum à divers intervalles de temps, 4 minutes étant l'intervalle de temps typique pour la plus grande fréquence et amplitude de potentialisation. Un essai en mode continu ne modifie pas substantiellement la performance lors des sauts subséquents et convient bien pour déterminer le profil temporel de la potentialisation qui dépend des variables cinétiques et cinématiques de sauts ponctuels précédés d'un accroupissement et des différences individuelles. [Traduit par la Rédaction] Mots-clés : entraînement complexe, accroupissement suivi d'un saut vertical, cinétique, potentialisation post-activation, production de puissance.
Introduction
Complex training is a resistance training method often prescribed to high-performance athletes for its potential to enhance performance. Complex training is defined as the execution of a conditioning stimulus (CS), typically a resistance training exercise performed at a maximal or near maximal intensity, followed by a biomechanically similar ballistic exercise (Verkhoshansky 1986; Güllich and Schmidtbleicher 1996; Young et al. 1998) in what is referred to as a complex set. Pre-excitation of a muscle (i.e., performing a CS) facilitates post-activation potentiation (PAP), a phenomenon characterized by the facilitation of muscular performance in response to previous activation of skeletal muscle (Hodgson et al. 2005; Tillin and Bishop 2009) . The ability to utilize PAP to enhance ballistic performance is inconsistent in the literature, with reports of improvements (Güllich and Schmidtbleicher 1996; Kilduff et al. 2007; Mitchell and Sale 2011) and failure of conditioning stimuli to facilitate subsequent PAP performance (Ebben et al. 2000; Duthie et al. 2002; Jensen and Ebben 2003; Khamoui et al. 2009 ). Therefore, its value as an athletic training tool is questionable.
The expression of muscular force following a CS is influenced by the interplay between fatigue and potentiation (Sale 2002) . For performance to improve, fatigue must dissipate more rapidly than PAP decays, permitting a juncture in the fatigue-potentiation relationship where potentiation is dominant over fatigue. As such, the effectiveness of PAP depends on performing the CS in complex training sets at an ideal time period prior to performance of the ballistic exercise. Consideration of the ideal time period prior to the ballistic movement and assessment of the temporal profile of PAP in complex training research are largely ignored, or confounded by methodological procedures. Previous research has attempted to characterize the temporal profile of PAP (Güllich and Schmidtbleicher 1996; Gilbert et al. 2001; Jensen and Ebben 2003; Kilduff et al. 2007 Kilduff et al. , 2008 Folland et al. 2008) . However, these investigations did not consider that performance of repeated contractions to assess PAP in a continuous trial (i.e., assessing a series of time intervals in a single trial) may inadvertently act as a further CS, thereby altering the fatigue-potentiation relationship.
Few studies have assessed the temporal profile of potentiation using a discontinuous trial (i.e., assessing each time interval individually) (Comyns et al. 2006; Batista et al. 2007; De Assis Ferreira et al. 2012 ). Batista and colleagues (2007) measured the time course of PAP using isokinetic dynamometry, which has limited direct application to sporting environments. De Assis Ferreira and colleagues (2012) addressed this limitation by evaluating the effect of various recovery times on power output in the bench press, comparing power output at time intervals ranging between 1 and 7 min to baseline data that were previously obtained during control trials. Unfortunately, this study design does not reflect the neurophysiological status of the participants at the time of assessment of each time interval (Comyns et al. 2006) . Consequent to methodological discrepancies in the assessment of the temporal profile of PAP, there is a lack of consensus regarding the optimal intra-complex recovery (i.e., ideal time period between CS and ballistic exercise), with reported times ranging between 10 s (Jensen and Ebben 2003) and 20 min (Kilduff et al. 2007 ). To date, no research has evaluated the influence of assessing the time course of potentiation using a continuous versus discontinuous trial. As such, a recommendation as to the superiority of either protocol for application to future research is currently unavailable.
Because it is more time efficient, use of a continuous time course assessment would prove advantageous in the daily training environment of athletes. As such, the purpose of this investigation was to determine the efficacy of a continuous versus discontinuous time course to assess the temporal profile of PAP, employing a measure of potentiation applicable to sports performance. We further sought to determine the time course of discrete jump squat kinetic and kinematic variables. Assessment of changes in force-time and displacement-time variables of jump squats in response to a CS using both continuous and discontinuous time course trials will allow evaluation of these methodological considerations.
Materials and methods

Experimental approach
We assessed the jump squat kinetic and kinematic variables of physically trained males in response to a CS. Dependent variables were assessed before (pre) and at 3 discrete time intervals (4, 8, and 12 min) after (post) the execution of a 5-repetition maximum (5RM) back squat CS, which is consistent with previous research (Jensen and Ebben 2003; Kilduff et al. 2007 Kilduff et al. , 2008 Kilduff et al. , 2011 Bevan et al. 2009 Bevan et al. , 2010 . The time intervals were assessed in 3 discontinuous trials (each time interval assessed on a separate day) and in 1 continuous trial (all time intervals assessed in a single trial). Crossover trials were performed using a Latin square design. Trials for each participant were performed at the same time of day under similar conditions and were completed within 14 days to minimize inter-session variability and potential changes in training status.
Subjects
Eight physically trained males (age: 25.4 ± 3.9 years; body mass: 79.1 ± 5.4 kg; squat 1RM: 126.6 ± 18.5 kg; repetition maximum to body mass ratio: 1.61 ± 0.26 kg·kg −1 ) were recruited to participate in this study on the basis that they were engaged in a resistance training program or had previous resistance training experience and were familiar with performing heavy-load back squats and unloaded jump squats. Throughout the investigation, participants were requested to refrain from heavy lower-body resistance training in the 24 h prior to each testing session, refrain from caffeine intake in the 3 h prior to data collection, not take antiinflammatory medications, and maintain their regular diets. Participants completed the data collection process free of injuries. All procedures and possible risks were explained to participants; after being fully informed, they provided written consent to participate in this study, which was approved by the institutional Human Research Ethics Committee.
Procedures
Prior to familiarization and testing sessions, participants performed a standard warm-up consisting of 10 min of cycling, dynamic stretches of the lower-body musculature associated with the squat and jump squat, and 3 sets of 3 unloaded jump squats performed at a self-assessed 70%, 80%, and 90% intensity with 30 s of rest between sets. Following completion of the warm-up, a 5-min rest period was provided prior to collection of baseline measurements. Participants completed a familiarization trial that involved assessment of 5RM (i.e., maximum load that can be lifted for 5 repetitions) back squat strength for the identification of individual CS loads. A 5RM back squat has been used previously in studies of complex training (Young et al. 1998; Jensen and Ebben 2003; Mitchell and Sale 2011) . Previous research conducted in our laboratory showed that unloaded jump squats are superior for the production of peak (Nibali et al. 2013 ) and mean mechanical power output, irrespective of strength level. Accordingly, a 0 kg load (i.e., body mass) jump squat was selected for the ballistic exercise of our complex sets.
5RM squat strength assessment
Following completion of the standardized warm-up, participants underwent a weight-specific warm-up involving 10 repetitions at an external load of 0% 1RM (i.e., body mass) followed by 30 s of recovery, 10 repetitions at 50% 1RM, 5 repetitions at 70% 1RM, and 3 repetitions at 90% 1RM, with 2 min of recovery between sets. Warm-up loads were quantified using the estimated 1RM load for each participant. On completion of the final warm-up set, a 5-min recovery was provided prior to participants attempting 5 repetitions at an estimated 5RM load. If the lift was completed successfully (i.e., correct technique and consistent squat depth and tempo), the load was increased (minimum increment: 2.5 kg) until the participant could no longer lift the load. Each attempt was followed by a 5-min recovery. Participants performed squats using a 20-kg Olympic weight-lifting barbell with the addition of appropriate weight plates for the desired intensity. The barbell was attached to an optical encoder (GymAware, Kinetic Performance Technology, Canberra, Australia) for measurement of countermovement displacement (dip) throughout the squat; verbal feedback on squat depth was provided after each repetition to ensure consistency across 5RM attempts.
Complex sets
Complex sets comprised a CS consisting of a single set of 5 back squats performed at a 5RM load followed by a series of maximaleffort jump squats. Participants performed 3 maximal-effort jump squats to self-selected depth at baseline and at the designated time interval following the CS. Participants were instructed to perform each jump squat as explosively as possible to achieve maximal power output and to reset their position between each jump effort. All 3 jumps were performed within 18 s. Participants performed jump squats holding a 1.5 m long aluminum bar weighing 0.4 kg across their shoulders. Participants performed the 5RM squats using the same set-up used for the 5RM strength assessment; verbal feedback on squat depth was provided after each repetition to ensure consistency within and across trials.
Data collection and signal analysis
All jump squat trials were performed with the participant standing on a force plate (400 Series Performance Force Plate, Fitness Technology, Adelaide, Australia) linked with a linear position transducer (PT5A Position Transducer, Fitness Technology, Adelaide, Australia) interfaced with computer software (Ballistic Measurement System, Fitness Technology, Adelaide, Australia) that allowed direct measurement of force-time (force plate) and displacement-time data, sampling at a frequency of 200 Hz. Differentiation of the displacement-time data was used for calculation of instantaneous velocity. The velocity signal from the transducer was filtered using a fourth-order, low-pass Butterworth digital filter with a cut-off frequency of 15 Hz. Power output was calculated as the product of instantaneous velocity and vertical ground reaction force (VGRF) using the system mass (i.e., body mass + barbell mass). The transducer tether was attached approximately 50 cm to the right of the center of the bar. The system was calibrated using a known mass and distance prior to all data collection sessions.
Analysis of jump squat kinetic variables was performed using custom-designed software (LabVIEW, National Instruments, Sydney, Australia) for automated batch analysis. Kinetic variables were assessed for both the eccentric (ECC) and concentric (CON) phases of the jump squat. The movement phases are defined as follows: ECC phase, from initiation of the countermovement (a 5% reduction in VGRF) to minimum displacement of the countermovement; CON phase, the next data sample (0.005 s) following the end of the ECC phase (minimum displacement) to the point of takeoff (VGRF <5 N). Peak and mean force, velocity, and power output were calculated for each phase as the maximal instantaneous or average positive (CON) or negative (ECC) values achieved during each phase. Peak and mean power output are expressed relative to the system mass (i.e., body mass + barbell mass) in W·kg −1 and as an absolute value. Rate of force development (RFD) was determined between the minimum and maximum force during each respective phase. Jump height was calculated as the maximum displacement that occurred throughout the jump squat movement. Reliability of jump squat kinetic variables was assessed using the log-transformed baseline data (pre CS) from each trial (time interval) in the discontinuous condition and the baseline data in the continuous condition. Typical errors expressed Note: %CV, coefficient of variation; ICC, intraclass correlation coefficient; ECC, eccentric; CON, concentric; RFD, rate of force development.
Fig. 1. Mean percentage difference (±90% confidence limits)
between continuous and discontinuous time course assessments in response to a 5-repetition maximum conditioning stimulus across time intervals (4, 8, and 12 min) for concentric relative and absolute (a) peak power and (b) mean power output and (c) rate of force development (RFD) and jump height. Standardized differences (effect sizes) between conditions (continuous vs. discontinuous) at each time interval: ␣, unclear; *, trivial;ˆ, trivial-small; ×, trivial-moderate; ∞, trivial-large.
as coefficients of variation and intraclass correlations are reported for jump squat kinetic variables (Table 1) .
Statistical analyses
For each kinetic variable, an average from the 3 jump squats performed in each trial was calculated for each participant. The mean change (⌬) in performance between baseline and post CS (post − pre) at each time interval was compared between the continuous and discontinuous conditions using a publicly available spreadsheet (Hopkins 2006) . Variables were log transformed for all analyses (to reduce bias due to non-uniformity of error), backtransformed, and expressed as a percentage (coefficient of variation) (Hopkins et al. 2009 ). Treatment effects were adjusted using regression to the mean to account for uncharacteristically good or poor performance at baseline (Hopkins 2006) . Uncertainty of the estimates is reported as 90% confidence limits (Hopkins et al. 2009 ). Confidence limits are expressed as ± for uncertainty of differences in means and as ×/÷ factors for uncertainty of coefficients of variation. Magnitudes of standardized differences of <0.2, <0.6, <1.2, <2.0, and >2.0 were interpreted qualitatively as trivial, small, moderate, large, and very large effect sizes (ES) (Hopkins et al. 2009 ). Where the confidence limits (±CL) for the ES extended beyond the boundaries of −0.2 to 0.2, effects were deemed unclear. The mean time to peak of jump squat variables (calculated as the average of the time intervals at which the highest value was reported for each individual) is presented as the mean ± SD. Differences in the time to peak between kinetic and kinematic variables were assessed using a publicly available spreadsheet (Hopkins 2007) and interpreted qualitatively using ES. Trials with a post − pre change greater than or equal to the smallest substantial difference (quantified as 0.2 of the between-athlete SD) for kinetic variables were classified as trials displaying PAP.
Results
Continuous and discontinuous time course assessments
Percentage differences between continuous and discontinuous time course trials at each time interval revealed mostly insubstantial differences in relative and absolute CON peak power (ES: −0.11 to 0.11; CL: 0.20 to 0.24 and ES: −0.01 to 0.14; CL: 0.22 to 0.39, respectively; Fig. 1a Table 2 .
Time course of discrete kinetic and kinematic variables
The continuous time course trial was used to evaluate the mean (cohort) time course of discrete kinetic and kinematic variables (Table 3) . Differences between times to maximal ECC peak power, ECC peak force, ECC peak velocity, and ECC RFD were trivial to small (ES: 0.06-0.30). Differences between times to maximal ECC mean power, ECC mean force, and ECC mean velocity were also small (ES: 0.26-0.47). Times to maximal CON peak power, CON peak velocity, and CON RFD were similar, displaying trivial to small differences (ES: 0.03-0.25). Maximal CON peak force occurred substantially earlier than maximal CON peak power (ES: −0.84; moderate), CON peak velocity (ES: −1.49; large), and CON RFD (ES: −1.30; large). Maximal jump height was realized substantially earlier than maximal CON peak power (ES: −0.28; small) and CON peak velocity (ES: −0.61; moderate) but substantially later than maximal CON peak force (ES: 0.84; moderate). Differences between times to maximal CON mean power, CON mean force, and CON mean velocity were trivial to small (ES: 0.11-0.22). Overall, ECC variables required a longer time period to reach maximal value (ES: 0.51; small) than CON variables (8.58 ± 3.56 vs. 6.64 ± 2.93 min). Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)
Individual response to intra-complex recovery
The continuous time course trial for each participant was used to evaluate the optimal intra-complex recovery. Individual participants attained maximal values for jump squat kinetic variables at different time intervals (Figs. 2-4 ), yet this did not necessarily result in potentiation. Four participants displayed potentiation of relative and absolute ECC peak power (change in performance ≥8.8% and 9.1%, respectively; Fig. 5a ) and ECC mean power (change in performance ≥8.0% and 12.4%, respectively; Fig. 5b ), whilst only 2 participants displayed potentiation of relative and absolute CON peak power (change in performance ≥6.3% and 6.2%, respectively; Fig. 5a ) and CON mean power (change in performance ≥6.6% and 6.2%, respectively; Fig. 5b ). Five participants displayed potentiation of jump height (change in performance ≥5.0%; Fig. 5c ). Despite the substantial potentiation observed for individuals in these kinetic variables, potentiation of the mean (cohort) response for kinetic variables at each time interval was mostly insubstantial (Table 4) .
Discussion
The present investigation is the first to demonstrate that a continuous time course trial does not substantially reduce the diagnostic value for discriminating the optimal time period between a CS and ballistic exercise. We observed insubstantial differences in jump squat variables at each time interval between the continuous and discontinuous time course assessments. Additionally, we established that discrete kinetic and kinematic variables display diverse time courses, with the time to maximal values ranging from 5 to 9.5 min. We further demonstrated the interindividual variability present in the time course of PAP and, importantly, highlighted the influence this has on the expression of potentiation of the cohort mean response: we observed insubstantial differences in the mean despite the substantial potentiation of kinetic and kinematic variables observed in some individuals (Fig. 5) .
Previous investigations of the time course of PAP (Güllich and Schmidtbleicher 1996; Gilbert et al. 2001; Jensen and Ebben 2003; Kilduff et al. 2007 Kilduff et al. , 2008 Folland et al. 2008 ) were unable to account for the potential influence of the assessment protocol despite recognizing that the protocol may inadvertently act as a CS, affecting the magnitude of fatigue and (or) potentiation (Sale 2002) . The efficacy of this approach was, until now, unsubstantiated. Our findings indicate mostly insubstantial differences between continuous and discontinuous time course trials for relative and absolute CON peak and mean power output (Figs. 1a and 1b) , CON RFD (Fig. 1c) , and jump height (Fig. 1c) , all measures commonly used in complex training research (Duthie et al. 2002; Jensen and Ebben 2003; Kilduff et al. 2007 Kilduff et al. , 2008 Rixon et al. 2007; Chaouachi et al. 2011; De Assis Ferreira et al. 2012) . These findings support the use of a continuous time course trial to assess the temporal profile of PAP.
A unique finding of the present investigation is the small but substantial difference between the time courses of ECC and CON variables, with ECC variables typically displaying a longer time course (Table 3) . Previously, Chaouachi et al. (2011) reported inconsistency in the timing of maximal values of jump squat CON variables following various CS protocols. Contrary to these findings, our results show that maximal CON peak force (5.00 ± 2.53 min) occurs substantially earlier (ES: −0.84 to −1.49; moderate to large) than maximal CON peak power, CON peak velocity, and jump height. We contend that jump squat kinetic and kinematic variables represent independent characteristics of explosive leg func- •) and concentric (CON; OE) peak power output and absolute ECC (OE) and CON (‚) peak power output, (b) relative ECC (•) and CON (OE) mean power output and absolute ECC (OE) and CON (‚) mean power output, and (c) jump height (OE). Smallest substantial differences in performance are indicated by (a) solid and dashed lines for relative and absolute ECC (CV ±8.8%-9.1%) and CON (CV ±6.2%-6.3%) peak power, respectively; (b) solid and dashed lines for relative and absolute ECC (CV ±8.0%-12.4%) and CON (CV ±6.1%-6.6%) mean power, respectively; and (c) dashed lines for jump height (CV ±5.0%).
tion, prevailing at distinct phases of the force-velocity relationship (Young et al. 2011) . We propose that the time course of potentiation of discrete jump squat variables is dependent on the predominance of the mechanisms driving adaptations and fatigue of particular kinetic and kinematic variables, such that there are differences between force-dependent and velocity-dependent variables. Yet to be substantiated is the proposal that CON variables are more strongly associated to the increased phosphorylation of regulatory light chains (as indicated by twitch potentiation) (Chiu et al. 2003; Hodgson et al. 2005) , whilst ECC variables are more strongly associated to an increase in the propagation and recruitment of motor units (Chiu et al. 2003; Hodgson et al. 2005) . A dissociation in the time-course response for twitch (10 s to 18 min) and H-reflex potentiation (5 to 11 min) has been observed (Folland et al. 2008) . Regardless of the mechanisms responsible, the variability observed in the time course of discrete kinetic and kinematic variables has potential implications in the prescription of intra-complex recovery times and requires consideration.
Dynamic contractions are postulated to activate central mechanisms of PAP (Tillin and Bishop 2009) . The eccentric action associated with dynamic contractions stimulates Ia afferent neural fibers, resulting in improved neural drive (Lüscher et al. 1983; Hodgson et al. 2005; Tillin and Bishop 2009 ). Afferent excitability is reported to persist for 3-10 min post dynamic triceps surae exercise (Trimble and Harp 1998) , which is consistent with the mean time course of potentiation observed in the present investigation (Table 3) . Furthermore, there is evidence to suggest that selective recruitment of fast motor units occurs in the eccentric phase of stretch-shortening cycle activity (Moritani 2003) . This may explain the difference in the time to maximal values between ECC and CON variables observed in the present investigation. Increased activation of fast motor units and the fast-twitch (type II) muscle fibers they innervate may elicit a greater PAP response but would also result in greater fatigue. In accordance with the fatigue-potentiation relationship, the time required for fatigue to decay and for PAP to manifest would therefore be longer for ECC variables. We acknowledge that although plausible, the explanation provided is speculative, and we endorse further assessment of neural activation in stretch-shortening cycle activities in future PAP research.
Tillin and Bishop (2009) identified numerous participant characteristics that contribute to the magnitude and variability of potentiation observed in individuals, including fiber-type distribution, muscle architecture, muscular strength, power-strength ratio, and training status. Although subject characteristics were not directly assessed in the present investigation, the effect of the complex interaction of these factors on the expression of fatigue and potentiation is evident. Individual participants attained peak values for different kinetic and kinematic variables at different time intervals (Figs. 2-4) , which is consistent with reports of high inter-participant variability in the time course of potentiation (Bevan et al. 2010; Chaouachi et al. 2011) . Because of these individual responses, there was an insubstantial difference between time intervals for the mean (cohort) time-course response (Table 4) . Furthermore, not all participants demonstrated potentiation, particularly with reference to power variables (Fig. 5) . We contend that analysis and interpretation of mean data are not appropriate for determining the temporal profile of PAP, highlighting the importance of determining the individual response to the time course of potentiation. Despite the individual variation in the time course, a generalization would be that the 4-min interval displayed the greatest magnitude and frequency of potentiation of various jump squat variables (Fig. 5) . However, we cannot discount the possibility that the frequency of potentiation at the 4-min time interval may substantially differ when assessing more highly trained individuals or when a larger sample size is adopted.
Our findings have important practical and diagnostic implications in the assessment of the temporal profile of PAP and provide clarity to existing methodological considerations. A continuous time course trial is an appropriate and time-efficient means of assessing the temporal profile of PAP. Whilst potentiation of jump squat peak and mean power output and jump height is realized in some participants, high interindividual responses to the time course of potentiation are present, resulting in insubstantial differences in the cohort response at different time intervals. The time course of potentiation is further influenced by the force-and velocity-dependent characteristics of jump squat variables, as evidenced by the differences in the time to maximal value between discrete jump squat kinetic and kinematic variables. As such, sports practitioners should give due consideration to intra-complex recovery times that are specific not only to their individual athletes but also to the jump variables of interest. That is, the athletespecific outcomes should determine the intra-complex recovery. For example, the intra-complex recovery allocated to an individual requiring improvements in RFD will differ to that prescribed for an athlete whose goal is to maximize jump height. However, we recognize that the assessment and prescription of individual recovery times is not always practical, and in such instances, we recommend the use of a 4-min intra-complex recovery time.
